Abstract The aims of this study were to observe the antimicrobial effect and mechanism of cinnamon oil combined with gamma radiation on Shewanella putrefaciens. Gamma radiation increased the antimicrobial activity of cinnamon oil, and the relative radiation sensitivity of gamma radiation on S. putrefaciens was increased by cinnamon oil. Gamma radiation significantly increased the changes of bacterial morphology, intra-adenosine 5 0 -triphosphate (intra-ATP) and extra-ATP concentrations and pH in value of S. putrefaciens treated cinnamon oil. Although, gamma radiation used alone didn't damage the bacterial morphology and ATP concentrations significantly. Gamma radiation assisted cinnamon oil to damage the cell permeability and integrity of S. putrefaciens, thus the combination of cinnamon oil and gamma radiation showed a better antimicrobial activity than used alone.
Introduction
Shewanella putrefaciens has been proved to be one of the main specific spoilage organisms presented in refrigerated meat and fish products (Gram and Huss 1996) . It can generate hydrogen sulfide from cysteine, reduce trimethylamine-N-oxide to trimethylamine, and participate in the proteolytic and lipolytic degradations, thus produce unpleasant off-odours and lead to organoleptic alterations of food products (Leblanc et al. 2001) . Nowadays, many studies have focused on the antimicrobial techniques against S. Putrefaciens (Cai et al. 2015; Jasour et al. 2015; Shokri et al. 2015; Zhang et al. 2015a) .
Cinnamon oil, one kind of essential oils (EOs), has displayed strong antimicrobial efficiency both in vitro and in foods (Turgis et al. 2008b; Wu et al. 2015) . Applications of cinnamon oil in fishes (Lu et al. 2010; Ojagh et al. 2014 Ojagh et al. , 2010 and shrimps (Arancibia et al. 2014 ) have been demonstrated high efficiency on maintaining aquatic food qualities. However, our previous study showed that color of fish fillets treated with edible coating containing cinnamon oil changed evidently due to the color of cinnamon oil (Lu et al. 2010) . Ouattara et al. (2001) discovered that transcinnamaldehyde reduced the sensory acceptability of precooked shrimps. Therefore, researchers are trying to study novel antimicrobial techniques for the application of EOs.
Gamma radiation is an effective process to control pathogenic and spoilage bacteria, prolong the shelf life, and assure safety of food products during storage (Huq et al. 2015) . However, the use of radiation may induce adverse effects on the chemical and sensory quality of food products, especially, at high radiation doses (Sadoughi et al. 2013 ). An increase in the radiation sensitivity of the target microorganisms would result in lower doses required for lethality (Severino et al. 2015) . The combination of radiation in presence of EOs would assist EOs in increasing the radio-sensitization of food pathogens and pathogenic and spoilage bacteria (Huq et al. 2015; Turgis et al. 2008b) .
Combining cinnamon oil with gamma radiation might be a promising method to inhibit microorganisms in food. The combinatory antimicrobial experiments for EOs and gamma radiation have been studied in green beans (Severino et al. 2015) , mini-carrot (Ndoti-Nembe et al. 2015a, b) , and ready-to-eat meat (Huq et al. 2015) . Lots of antimicrobial mechanism studies on EOs and gamma radiation have been reported in literatures, but few researches have focused on the antimicrobial mechanism of the combinatory application of EOs and gamma radiation. Therefore, the antimicrobial activity of the combination of cinnamon oil and gamma radiation against S. putrefaciens in vitro was studied. In addition, the cell membrane integrity and permeability of S. putrefaciens with different treatments were observed to analyze the antimicrobial mechanism of the combination.
Materials and methods

Cinnamon oil and bacteria
Cinnamon oil, supplied by Erin Limited Company (Australia), extracted from the cinnamon (Cinnamomum zeylanicum) leaves by steam distillation method. Cinnamon oil was emulsified in nutrient broth solutions with 1% tween-80 by stirring 30 min to get a colloidal suspension for 24 h.
Shewanella putrefaciens was isolated from spoilage fish and identified by China Center of Industrial Culture Collection. When shipped to our laboratory, the strain was cultured twice in nutrient broth at 30°C for 24 h, then streaked on nutrient agar (NA) slants and cultured under the same conditions. The slants were stored at 4°C and sub cultured monthly until use. Before each experiment, stock cultures were propagated through two consecutive 24 h growth cycles in nutrient broth at 30°C and then cultivated to the exponential phase (5 h). The working cultures containing approximately 10 8 CFU mL -1 S. putrefaciens were obtained by diluting the exponential phase cells in sodium chloride solution 0.85% (w/v).
Minimal inhibitory concentration (MIC)
MIC of cinnamon oil for S. putrefaciens was determined using the broth dilution method in 96-well plates with minor modifications (Moghaddam et al. 2014) . A two-fold serial dilution of the essential oil was diluted to obtain a decreasing concentration range of 24-0.1 lL mL -1 . The serial concentrations of EOs were filled into 96 wells plate (Sarstedt, Montreal, QC, Canada) with a volume of 100 lL. Finally, a 100 lL volume of the working cultures (10 8 CFU mL -1 ) was inoculated onto the plates and the tests were performed in a volume of 200 lL. 100 lL of the nutrient broth with 100 lL of the working cultures (10 8 -CFU mL -1 ) was used as a negative control. 200 lL of the nutrient broth was used as a blank control for the tested bacteria. All of them contained 0.025 g L -1 2,3,5-Triphenyltetrazolium chloride. Plates were incubated at 30°C for 24 h. The lowest concentrations of tested samples, which did not change into red color were determined as MIC (Motamedi et al. 2010) , expressed in lL mL -1 . All the experiments were performed in triplicate.
Gamma radiation treatment and D 10
The working cultures containing approximately 10 8 -CFU mL -1 S. putrefaciens were prepared, and transferred 5 mL into 10 mL test tube, and then these test tubes were separated into four groups randomly, each group contained 7 test tubes, group one was used as control without adding cinnamon oil, group two, three, and four were added cinnamon oil with the final concentration were 0.0875 ( MIC), 0.175 ( MIC) and 0.35 (MIC) lL mL -1 , respectively. All groups were transported into the Institute of Crops and Nuclear Technology Utilization, Zhejiang Academy of Agricultural Sciences, as soon as possible, and then irradiated with different doses of 0.030, 0.050, 0.080, 0.100, 0.150 and 0.200 kGy. The self-contained gamma radiation source was 137 Cs with an approximately dose rate of 0.10 kGy min -1 . The dose rate was established by using National Physical Laboratory (Middlesex, United Kingdom) dosimeters. After radiation, all samples were transported to our laboratory and tested bacterial viability. 1 mL of the untreated and treated cell suspensions were immediately diluted (10 -2 to 10 -5 -fold) in 0.85% saline solution (w/v). Serial dilutions were plated on nutrient agar and incubated for 2 days at 30°C. The viable cell numbers reported as colony-forming units (CFU) per milliliter. The assays were tested in triplicate, and values are presented as mean ± standard deviation of replicated measurements.
D 10 was the radiation dose required to inactivate 90% of the bacterial population. D 10 values are the negative reciprocal of the slope of the individual regression of the logarithm of N/N 0 plotted against radiation dose (Thayer and Boyd 1993) , where N is the number of survivors (CFU mL -1 ) at radiation dose D (kGy) and N 0 is the number of survivors at radiation dose 0.
Relative radiation sensitivity (RRS) of gamma radiation on S. putrefaciens was determined using the following equation:
is the D 10 value of the control sample and D cinnamonoil 10 is the D 10 value of sample treated in the presence of cinnamon oil.
Bacterial cell viability assay 5 mL working cultures containing approximately 10 8 -CFU mL -1 S. putrefaciens were placed into 10 mL test tube, and five flasks were prepared, then they were separated into five groups randomly, and treated separately with (1) 0.175 lL mL -1 cinnamon oil, (2) 0.35 lL mL -1 cinnamon oil, (3) irradiated at 0.080 kGy, and (4) 0.175 lL mL -1 cinnamon oil combined with 0.080 kGy radiation, these treatments were marked as C1, C2, G and C1 ? G respectively. The untreated sample was used as control (marked as CK). In order to well understand the antimicrobial mechanism, we choose the sub-lethal dose and concentration to observe the antimicrobial action of the combination. The concentration of 0.175 and 0.35 lL mL -1 cinnamon oil was the MIC and MIC for S. putrefaciens, which have been tested in this study on ''Determination of the minimal inhibitory concentration (MIC)'' section. The radiation dose of 0.080 kGy was chosen according to the ''Gamma radiation treatment and D 10 '' section, when it combined with 0.175 lL mL -1 cinnamon oil, the survivor rate of S. putrefaciens was approximately 15%, and the log N/N 0 was-0.82 (shown in Fig. 1 ). After the working cultures were treated with cinnamon oil, S. putrefaciens was sampled at time 0, 0.5, 1, 2, 3, 5, 7 and 9 h. The radiation groups of G and C1 ? G were sent to radiation laboratory (the Institute of Crops and Nuclear Technology Utilization, Zhejiang Academy of Agricultural Sciences) and irradiated at 0.080 kGy dose radiation, and then sent back to our laboratory to test the viability of the bacteria at time 3, 5, 7 and 9 h after the working cultures were treated with cinnamon oil. Aliquots (1 mL) were removed at the required time intervals into 9 mL of sodium chloride solution 0.85% (w/v) and allowed to stand at room temperature for 10 min. Serial 10-fold dilutions were plated nutrient agar. Colonies were counted after 2 days incubation at 30°C and the viability values were presented as the log of the survival cell numbers (CFU mL -1 ).
Evaluation of membrane morphology by scanning electron microscopy (SEM)
Shewanella putrefaciens were treated with cinnamon oil and gamma radiation as the ''Bacterial cell viability assay'' section, and samples after 3 h cinnamon oil treatments were centrifuged for 10 min at 1000 g, and the supernatant was removed. The cell pellets were washed three times with the phosphate buffer (0.1 M, pH 7.0) and then cells were collected by centrifugation under the same conditions.
The cells were used to analyze morphology, intra-and extra-ATP, and pH in . The sample was first fixed with glutaraldehyde (2.5%) (Sigma Chemical) in phosphate buffer for more than 4 h, washed three times in the phosphate buffer for 15 min at each step, then post fixed with 1% OsO 4 in the phosphate buffer for 1-2 h and washed three times in the phosphate buffer for 15 min at each step. The sample was first dehydrated by a graded series of ethanol (30, 50, 70, 80, 90, 95 and 100%) for about 15-20 min at each step, transferred to the mixture of alcohol and iso-amyl acetate solutions for about 30 min (Turgis et al. 2009 ), then transferred to pure isoamyl acetate solution and incubated overnight. In the end, the sample was dehydrated in a critical point dryer (Hitachi HCP-2) with liquid CO 2 . The dehydrated sample was coated with gold-palladium in an ion sputter (Hitachi E-1010) for 4-5 min and observed in SEM (Hitachi TM-1000) (Ayari et al. 2010 ).
Intra-and extra-ATP concentrations
The intra-and extra-ATP concentrations were measured according to the method described by Lee et al. (2002) . Different treated cell pellets were collected according the method of ''Evaluation of membrane morphology by scanning electron microscopy (SEM)'' section. A cell suspension (10 8 CFU mL -1 ) was prepared with 9 mL of sodium phosphate buffer (0.1 M, pH 7.0) and 0.5 mL of cell solution was taken into the eppendorf tube for the treatments as above. Samples were maintained at room temperature for 3 h (Ultee et al. 1999) , centrifuged for 5 min at 2000 g, and incubated in ice to prevent ATP loss until measurement. The extracellular (upper layer) and the intracellular (lower layer) ATP concentrations were measured using an ATP assay kit (Beyotime Biotechnology Institute, CHN), which comprised ATP testing reagent, ATP testing reagent diluents, ATP standard solution, and ATP lysis buffer. The ATP testing working solutions was prepared with ATP testing reagent diluents (1:100). The ATP concentration of the supernatants represented the extracellular concentration. To determine the ATP concentrations representing intracellular content, cell pellets were washed with 0.85% (w/v) sodium chloride solution and centrifuged for 5 min at 1000 g, and the supernatant was removed. The resulting cell pellets were maintained in 10 mL of ATP lysis buffer at room temperature for 15 min to disrupt the microorganisms, and then centrifuged directly at 12,000 g for 5 min, 4°C. For intra-and extracellular ATP concentration, 100 lL of the ATP testing working solutions were added to 100 lL of the resulting supernatants, and the ATP concentrations were measured for 1 min using a Multi-Mode Micro plate Reader (SpectraMax M5, Molecular Devices, Shanghai, China). To calculate the intra-and extra-ATP concentrations, a standard ATP curve ranging from 0.5 to 10 lM ATP was used to obtain a linear relationship between ATP concentration (lM) and the relative light unit which resulted in an R 2 (coefficient of determination) value of 0.99.
pH in
The determination of the pH in was done according to the method described by Breeuwer et al. (1996) with minor modifications. Different treated cell pellets were collected according the method of ''Evaluation of membrane morphology by scanning electron microscopy (SEM)'' section. The cell pellets were washed three times in 50 mM of HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid) buffer (pH 5.5) containing 5 mM of EDTA (Turgis et al. 2009 ) instead of phosphate buffer (0.1 M, pH 7.0). Subsequently, cells were suspended in 50 lL of carboxyfluorescein diacetate succinimydil ester (CFDASE, 5 lM) solubilized in phosphate buffer (50 mM, pH5.5) containing 10 mM of MgCl 2 , and incubated for 10 min at 30°C. CFDASE is hydrolyzed to carboxyfluorescein succinimidyl ester (CFSE) in the cell and subsequently conjugated to aliphatic amines (Oussalah et al. 2006) . Cells were washed with 50 mM sodium phosphate buffer (pH 5.5) and incubated in the presence of glucose (final concentration, 10 mM) for 30 min at 30°C to eliminate nonconjugated CFSE. The cells containing fluorescent probe were then washed twice by centrifugation at 1000 g for 15 min, suspended in 50 mM sodium phosphate buffer (pH 5.5), and kept on ice until measurement. Fluorescence intensities were measured at excitation wavelengths of 490 and 440 nm by alternating the monochromator between both wavelengths (Chitarra et al. 2000) . The wavelength emission was 525 nm. The excitation and emission slit widths were set on 5 and 10 nm, respectively. The pH in of bacteria was determined from the ratio of the fluorescence signal at the pH-sensitive wavelength (490 nm) and the fluorescence signal at the pH-insensitive wavelength (440 nm). Calibration curves for S. putrefaciens were determined in buffers with pH values ranging from 4 to 8. Buffers were prepared from glycine (50 mM), citric acid (50 mM), Na 2 HPO 4 Á2H 2 O (50 mM), and KCl (50 mM); the pH was adjusted with either NaOH or HCl. The pH in and pH out were equilibrated by addition of valinomycin (1 lM) and nigericin (1 lM), and the ratios were determined as described previously.
Statistical analysis
An analysis of variance (one-way) and Duncan's multiple range tests were employed to determine the effect of gamma radiation alone or in combination with cinnamon oil treatment on bacterial viabilities, ATP concentrations and pH in values. Calculations were performed using SPSS Statistics software (Zhang et al. 2015b ) (Version 19.0, SPSS, Inc., Chicago, IL). The data were obtained from two different replicates, and for each replicate, three samples were analyzed. Differences between means were considered significant at p B 0.05.
Results and discussion
MIC, D 10 and RRS
In order to analyze the action of cinnamon oil combined with gamma radiation on S. putrefaciens, the MIC, D 10 and RRS was determined. The MIC of cinnamon oil against S. putrefaciens was 0.35 lL mL -1 . The MIC of cinnamon oil against S. putrefaciens has already being reported earlier.
MICs of cinnamon oil against Salmonella Enteritidis PT30 and Salmonella Tennessee K4643 were 0.05% (v/v) (Tsai et al. 2017 ). The MICs of cinnamon oil for Escherichia coli 29 and Staphylococcus aureus were 0.025 and 0.0125% (v/ v), respectively (Zhu et al. 2016) . MIC might be different due to the testing methods, variability of cinnamon oil, and selected microbial strains. The effect of different dose of radiation combined with different concentration of cinnamon oil on the growth of S. putrefaciens is shown in Fig. 1 . With the increase of cinnamon oil concentration, the absolute value of the slope of the individual regression increased, it means that cinnamon oil decreased D 10 of gamma radiation. Changes of D 10 of gamma radiation are presented in Table 1 (Clavero et al. 1994) , and Klebsiella pneumoniae MTCC 109 in nutrient broth was 0.136 kGy (Gautam et al. 2015) . Statically analysis showed that cinnamon oil could significantly affected D 10 of gamma radiation (p \ 0.05). The RRS of S. putrefaciens increased significantly with the concentration increase of cinnamon oil (p \ 0.05), and RRS were 1.0, 1.22, 1.43 and 2.38, respectively (Table 1) . Turgis et al. (2008a) reported that 0.5% Chinese cinnamon could increase the RRS to 4.28 for Salmonella Typhi (ATCC 19430) in medium fat ground beef. The different RRS value may be due to the concentration of cinnamon oil used with radiation and the bacteria strains.
Bacterial cell viability
The growth of S. putrefaciens under different treatment is shown in Fig. 2 . Due to the radiation equipment is not in our laboratory, it took 3 h to get there, irradiate, and return to our laboratory for test the cell viability. Therefore, the cell viability of the radiation treatments of G and C1 ? G was tested from 3 h. After 3 h, the cell viability of CK was significantly higher than treatments of G, C1, C1 ? G and C2 (p \ 0.05). The log phase of S. putrefaciens treated with CK, C1, G, C1 ? G, and C2 began at approximately 1, 3, 3, 5, and 7 h, respectively. It means that cinnamon oil, gamma radiation and the combination of them had efficient antimicrobial activities. C1 ? G showed a better antimicrobial activity against S. putrefaciens than G and C1 (p \ 0.05). It's the first time to report the combination of cinnamon oil with gamma radiation against food spoilage bacterial strain S. putrefaciens. Similar results have been reported in literatures such as gamma radiation combined with oregano oil against Escherichia coli O157:H7 (Caillet et al. 2005) , or combined with mountain savory oil and carvacrol oil against Listeria monocytogenes (NdotiNembe et al. 2015a).
Internationally, food irradiation processing has been considered a safe and effective technology by respected authorities such as the World Health Organization, Food and Agriculture Organization and the International Atomic Energy Agency (Crawford and Ruff 1996) . It is successfully practised in a growing number of countries on a commercial scale. On the other side, cinnamon oil has been largely examined as potential inhibitors of bacterial growth due to the natural and non-synthesized characteristics. Therefore, both of them are available in food industry. The combination of C1 ? G showed the similar antimicrobial activity with C2 on the 9th hour of S. putrefaciens incubation (p [ 0.05). Although cinnamon oil used alone worked very well, combing cinnamon oil with gamma radiation can reduce concentration of cinnamon oil used. Moreover, according to the analysis of relative radiation sensitivity, the combination could also decrease dosage of gamma radiation. Thus, the negative effect of cinnamon oil and gamma radiation on food could be reduced. Therefore, combined using cinnamon oil and gamma radiation can be great potential application in food industry.
Morphology of the bacterial cells
Scanning electron morphology of S. putrefaciens with different treatments is shown in Fig. 3 . Cells irradiated at 0.080 kGy showed no deformation of the shape, and the Fig. 2 Bacterial viability of S. putrefaciens with different treatments. CK bacteria without treatment, C1 bacteria treated with 0.175 lL mL -1 cinnamon oil alone, C2 bacteria treated with 0.35 lL mL -1 cinnamon oil alone, G bacteria irradiated with 0.080 kGy gamma radiation dose, C1 ? G bacteria treated with 0.175 lL mL -1 cinnamon oil and then irradiated with 0.080 kGy gamma radiation. Different letters a, b, c, d indicate significant difference between groups on the same sampling day (p \ 0.05) entire morphology was similar to the control cells, but the surface of some cells became unsmooth. Damage to cell membranes, enzymes or DNA is the most commonly cited cause of death of microorganisms by alternative preservation technologies (Lado and Yousef 2002) . Ionizing radiations mainly damage microbial DNA (Lucht et al. 1998) . That might be the reason that the morphology of S. putrefaciens treated with gamma radiation only showed no obvious changes. It was also reported that radiation could damage to a lesser extent denature proteins (Lucht et al. 1998 ) and the membrane's unsaturated fatty acids (Bintsis et al. 2000) . So the surface of some cells of G became unsmooth.
It has been reported that cinnamaldehyde, the main component of cinnamon oil, was able to alter the external structure of Escherichia coli O157:H7, Staphylococcus aureus, Salmonella Typhimurium, Pseudomonas fluorescens, and Brochothrix thermosphacta cells, and the cell wall deterioration and a high degree of cell lysis were noticed in Staphylococcus aureus (Di Pasqua et al. 2007 ). In our study, cells treated with cinnamon oil alone with 0.175 and 0.35 lL mL -1 were damaged, some cells well broken, and some displayed unsmooth surface, especially for the cells treated with high dose of cinnamon oil C2. Similar result was reported in literature (Shen et al. 2015) . Compared with the low dose cinnamon oil treatment C1 and gamma radiation treatment G alone, cells treated with 0.175 lL mL -1 combined with 0.080 kGy gamma radiation C1 ? G were more severely destructed. It means that
(G) (C1+G) Fig. 3 Scanning electron microphotographs of S. putrefaciens with different treatments. CK bacteria without treatment, C1 bacteria treated with 0.175 lL mL -1 cinnamon oil alone, C2 bacteria treated with 0.35 lL mL -1 cinnamon oil alone, G bacteria treated with 0.080 kGy gamma radiation alone, C1 ? G bacteria treated with 0.175 lL mL -1 cinnamon oil and then irradiated with 0.080 kGy gamma radiation gamma radiation is good for cinnamon oil to destroy the bacterial morphology of S. putrefaciens. The destructive capacity of C1 ? G on cell morphology looks like that of C2. Changes are in agreement with the results of cell viability. Cinnamon oil and gamma radiation might display a synergistic or additive effect on the cell morphology destruction. Huq et al. (2015) that the microencapsulation of essential oils combined with gamma radiation treatment showed synergistic antimicrobial effect during storage on ready-to-eat meat products.
Intra-and extra-ATP concentrations
Cytoplasmic membrane disruption is expected to have a large impact on the membrane-associated energy-transducing system (Ayari et al. 2010) . Therefore, the effect of different treatments on the intra-and extra-ATP concentration was observed. Figure 4 presented the effect of individual and combined treatments on intra-and extra-ATP concentration of S. putrefaciens. The untreated samples had intraand extra-ATP concentration of 0.553 and 0.049 lM mL -1 , respectively. The extra-ATP concentration of S. putrefaciens treated with cinnamon oil increased and the intracellular ATP of that decreased significantly (p \ 0.05). The higher concentration cinnamon oil was, the more ATP changed. C1 ? G had a more significant effect on the change of intra-and extra-ATP concentration than C1 and G.
Moreover, the C1 ? G displayed nearly the same change of ATP with the high concentration of cinnamon oil (C2). The depletion of intra-ATP of Listeria monocytogenes treated with cinnamaldehyde was reported by Gill and Holley (Gill and Holley 2004) . They suggested there was a rapid inhibition of the energy metabolism of Listeria monocytogenes when the cells were exposed to cinnamaldehyde due to no obvious destruction in Listeria monocytogenes. The ATP changes of all treatments showed a similar trend with the changes of the cell morphology in our study, it indicated that the ATP changes might be due to cell membrane's destruction of S. putrefaciens induced by different treatments. The difference might due to the different bacterial strain. As the above mentioned, cinnamaldehyde showed different change in different bacterial strains, it showed cell wall deterioration and a high degree of cell lysis in Staphylococcus aureus (Di Pasqua et al. 2007 ).
Intracellular pH of S. putrefaciens
The pH in is critical for the control of many cellular processes, such as DNA transcription, protein synthesis, and enzyme activities (Breeuwer et al. 1996) . Therefore, the pH in of S. putrefaciens with different treatments was observed to analyze the mechanism of gamma radiation combined with cinnamon oil. The pH in of S. putrefaciens with different treatments was shown in Fig. 5 . Value of pH in of CK was the highest of 7.38, followed by G, C1, C1 ? G and C2, the values of them were 6.72, 6.42, 5.45 and 5.38, respectively. The pH in values of S. putrefaciens in G, C1, C2 and C1 ? G were significantly lower than the control. It means that the pH gradients of S. putrefaciens treated with gamma radiation, cinnamon oil or the I n t r a c e ll u la r E x t r a c e ll u la r combination were dissipated obviously. The dissipation of pH gradient was assumed with the impairments of bacterial membranes. Though, the shapes of bacteria treated with gamma radiation were not obvious in Fig. 3 , the pH in decreased significantly. Thus, even relatively slight changes to the structural integrity of cell membranes can detrimentally affect cell metabolism (Cox et al. 2001) . Oregano essential oil can act on the permeability barrier of cytoplasmic membrane, with the dissipation of pH gradient of Staphylococcus aureus. Spanish oregano, Chinese cinnamon and savory essential oils can create permeability in the cell membrane, provoking a release of the cell constituents, a decrease of the ATP concentration in the cells, and a decrease of the pH in (Oussalah et al. 2006) . These results are in agreement with our study.
Combining with gamma radiation, the antimicrobial activity of cinnamon oil was raised, where the pH in , cell activity and ATP in of C1 ? G was lower than C1, and the cell morphology of C1 ? G was damaged more obviously than C1. Gamma radiation can penetrate into living cells and result in the transfer of radiation energy to the biological material. The absorbed energy can break chemical bonds and cause ionization of different atoms and molecules, including membrane lipids and proteins (Crawford and Ruff 1996) . The role of gamma radiation against S. putrefaciens might result from the direct radiation energy absorbed and the indirect energy transfers via free radicals such as the radiolysis of water and other molecules to hydroxy radicals which acted on the membrane protein and unsaturated fatty acids (Bintsis et al. 2000; Lucht et al. 1998) . The action of gamma radiation assisted cinnamon oil to damage the membrane of S. putrefaciens, thus the combination showed a better antimicrobial activity on S. putrefaciens.
Conclusion
As concerned on the cell viability, C1 ? G displayed better effect than C1 and G (p \ 0.05). There was the same change trend of cell morphology, intra-and extra-ATP, and pH in of S. putrefaciens between different treatments with the cell viability. The better antimicrobial effect of the combination of C1 ? G may because the gamma radiation assist cinnamon oil to damage the cell membrane, therefore, the cell morphology, intra-and extra-ATP, and pH in were changed obviously than C1 and G. Thus, the combination C1 ? G displayed better effect on antimicrobial activity, impaired cell morphology, changed ATP and pH in than C1, especially than G. The changes of ATP and pH in of S. putrefaciens with different treatments revealed that cinnamon oil might primarily target on the cell structures of S. putrefaciens, and gamma radiation assisted cinnamon oil to increase the change of bacterial structures.
